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We have evaluated a Fermi antenna newly designed in X band for use in a multichannel
reflectometer. The Fermi antenna is a tapered slot antenna provided with both a Fermi–
Dirac-function-type tapered slot structure and a corrugated structure along the antenna edge in order
to improve radiation patterns of the linearly tapered slot antenna. We attained a 3 dB beam width of
32° in the E plane and 37° in the H plane at 12 GHz. By optimizing the stripline dimensions
according to an equivalent circuit model, a bandwidth of 8–18 GHz with a voltage standing-wave
ratio less than 2 is obtained. In the mockup experiments using a rotating metal cylinder, the
experimental results are in good agreement with the predicted ones. © 2004 American Institute of
Physics. [DOI: 10.1063/1.1788831]
I. INTRODUCTION
Understanding the mechanism of anomalous transport in
magnetically confined plasmas is one of the most important
subjects on fusion research. Reflectometry is now widely
used in both Tokamak and other magnetically confined
plasmas.1 It has an advantage of detecting local density be-
havior with a high spatial resolution. Recent computer simu-
lations present three-dimensional (3D) structures of plasma
turbulence. These new computational results need to be ex-
amined experimentally to fully understand the plasma turbu-
lence and anomalous transport mechanism. Thus, novel di-
agnostics are required to measure a 3D structure of the
plasma turbulence. A millimeter-wave imaging technique has
recently been developed for measurements of density and
temperature profiles and their fluctuation components in
magnetically confined plasmas.2,3 This technique uses a
single set of optics with an array of multichannel detectors
instead of multichannel optical paths with a single detector in
each path. The array antenna are required to have an axially
symmetric radiation pattern of in both E and H planes to
achieve an optimum coupling with an optical system. It is
also an important issue to arrange a large number of antennas
in a limited space for a high resolution image. A bow-tie or a
dual-dipole antenna element has been conventionally used
for a millimeter-wave imaging antenna array.4–7
A tapered slot antenna (TSA), which has been developed
in electrical communication research, can be fabricated with
low cost due to its compactness and a lightweight structure.
It has a characteristic of a broad bandwidth and can be
adopted as an array antenna owing to its planar shape. A
radiation pattern of the TSA is more symmetric than that of a
bow-tie antenna. Recently, a new TSA called a “Fermi an-
tenna” in 35 and 60 GHz has been developed at Tohoku
University.8,9 It has a tapered structure defined by the Fermi–
Dirac function in the following equation:
fsxd = a
1 + expfbsx + cdg
sb , 0,c , 0d , s1d
where a , b, and c are constant values. It is expected that the
radiation-beam widths in the E and H planes are almost
equal to each other and the side-lobe levels are low in the
Fermi antenna with a corrugated structure along the outer
edge of the substrate.
The purpose of this research is to establish the TSA array
for use in a microwave imaging reflectometer. A reflectome-
ter system with two channels of the TSA receiver is con-
structed and tested by using a rotating metal cylinder instead
of a plasma.
II. DESIGN AND CHARACTERISTICS OF A TAPERD
SLOT ANTENNA
We designed a Fermi antenna with a corrugated structure
for X band according to a scaling law in Refs. 8 and 9. Figure
1 shows the geometry and dimensions of the “Fermi
antenna” designed at 12 GHz. The microstrip line structure is
optimized by an equivalent circuit model.10 The input
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FIG. 1. Designed TSA (Fermi antenna) with corrugated structure. Substrate
has a thickness of 1.2 mm and dielectric constant of 3.3.
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impedance can be tuned over a wide range of frequency by
adjusting the element dimensions, leading to a good match-
ing condition without any complex matching circuit. It is
confirmed experimentally that the coupling section with a
circular stub has a broadband frequency characteristic. A
voltage standing wave ratio (VSWR) of the microstrip-fed
transition is measured with a network analyzer as shown in
Fig. 2. The VSWR is less than 2 with a bandwidth from
8 to 18 GHz.
Figure 3 shows radiation patterns of two types of the
TSA, one of which has a linearly tapered slot and the other is
the Fermi antenna. The radiation pattern of the Fermi an-
tenna is axially symmetric in the E and H planes. The 3 dB
beam width is 32° in the E plane and 37° in the H plane.
Compared with the linearly tapered one, directivity of the
Fermi antenna is improved by about 2 dB and the side lobe
level is lower. The crosstalk level (S21 parameter) between
the TSAs is measured by a network analyzer and is not larger
than −20 dB.
III. MOCKUP EXPERIMENTS OF A MICROWAVE
REFLECTOMETER WITH THE TSA RECEIVER
We constructed a microwave reflectometer system with
two channels of the TSA receiver. A schematic view of the
system is shown in Fig. 4. The system can be operated in the
frequency range from 8 to 16 GHz, with a YIG oscillator.
The YIG oscillator can deliver up to 100 mW and is operated
at a fixed frequency in the measurements. A pyramidal horn
is used as a transmitter, and two Fermi antennas are used as
receivers. A reflected wave is received by each of the TSA
and mixed with an unperturbed local oscillator wave by use
of a quadrature IF mixer. Homodyne-detected signals are re-
corded by an oscilloscope and analyzed by a personal com-
puter. Mockup experiments were performed by using a flat
metal plate and a rotating metal cylinder as a target instead
of a plasma column.11 The cylindrical target consists of a
wheel with 20 cm in diameter and 60 cm in length. A small
longitudinal bump, which simulates a plasma density distur-
bance, is attached to the surface as shown in Fig. 5. The
FIG. 2. Measured VSWR of the TSA. The VSWR is less than 2 with the
bandwidth from 8 to 18 GHz.
FIG. 3. Radiation patterns of the TSA measured at 12 GHz: (a) linearly
tapered type and (b) Fermi-type antenna (—E plane, ---- H plane).
FIG. 4. Schematic of the microwave reflectmeter system with two-channel
TSA receivers.
FIG. 5. Schematic of the mockup experiment setup. Diameter of the cylin-
der is 200 mm. Bump height is 5 mm. Distance from the transmitter to the
cylindrical surface is 200 mm.
FIG. 6. Measured delay time as a function of the angle f between the
transmitter and the receiver.
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cylinder is rotated azimuthally with a frequency of 0.48 Hz.
The target surface structure is measured independently by
using a visible laser displacement sensor as a reference. The
bump height can be detected almost equal to the actual value
by the reflectometer. Signals from the two TSAs show a time
delay caused by the difference of measuring points. The time
delay is measured as a function of the angle f between the
transmitter and the receiver as shown in Fig. 6. The calcu-
lated time delay is also plotted in the figure, assuming that
the microwave is reflected at a point on the surface where the
reflected power becomes maximum according to the Snell’s
reflection law between the transmitter and the receiver (dot-
ted line in Fig. 5). The time delay measured by the reflecto-
meter agrees well with the calculated one. We can recognize
the measurement position on the reflection surface from
these results. These data also show that two TSA receivers
can distinguish a spatial structure of the perturbed reflection
surface. The Fermi antenna with a corrugated structure
is a good candidate for an antenna array of an imaging
reflectometer.
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